We used the single-cell culture preparation to study the role of activity in the development of glutamatergic synapses in vitro. Rat hippocampal cells grown in isolation on glial islands formed functional autaptic connections and continued to elaborate new synapses throughout the 2 week investigation, resulting in increases in both the evoked AMPA receptor (AMPAR) and NMDA receptor (NMDAR) components of the EPSC. Synaptogenesis was not prevented by chronic blockade of sodium channels or all of the known glutamate receptors. Analysis of miniature EPSCs revealed that AMPAR quantal size doubled over time in vitro whereas NMDAR quantal size remained constant. However, the proportion of synaptic responses mediated only by NMDARs increased over time in vitro. The increase in AMPAR quantal size was prevented by TTX and ionotropic glutamate receptor antagonists, whereas the increase in the proportion of NMDAR-only synapses was prevented by metabotropic glutamate receptor antagonists. Notably, chronic NMDAR blockade incubation did not block the formation of the AMPAR EPSC, indicating that NMDAR-dependent plasticity is not necessary for the onset of AMPAR synaptic transmission in this system. We conclude that action potentials and ionotropic glutamate receptor activation are necessary for the developmental increase in AMPAR quantal size and that metabotropic glutamate receptor activation is required for the production of NMDAR-only synapses, but none of these is essential for synapse formation.
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The formation of a synapse requires the development of both anatomical structure and physiological function. What signal(s) coordinates the assembly of the presynaptic and postsynaptic machinery required for synapse formation? An obvious possibility is that neurotransmitter released from synaptic vesicles at the growth cone or in the axon could activate neurotransmitter receptors in the postsynaptic cell membrane, thereby initiating the events required for synapse formation.
Recent immunocytochemical work on the formation of glycinergic synapses in spinal neuron cultures (Kirsch and Betz, 1998) supports this hypothesis. The authors found that the colocalization of glycine receptor clusters and presynaptic vesicle markers depended on action potentials, glycine receptor function, and L-type calcium channels. These data suggest that synapse formation depends on a signaling cascade in which the presynaptic terminal communicates its presence to the postsynaptic cell via the action potential-dependent release of neurotransmitter and subsequent activation of postsynaptic receptors. It is important to note, however, that this mechanism does not apply to all synapses. In particular, the formation of the neuromuscular junction does not depend on action potentials (Davey and Cohen, 1986) or the activation of endplate acetylcholine receptors (Cohen, 1972) .
Excitatory synapses using the neurotransmitter glutamate contain both ionotropic and metabotropic glutamate receptors. The ionotropic glutamate receptor family can be further divided into the NMDA receptor (NMDAR) and the non-NMDA receptor [AMPA receptor (AMPAR) and kainate receptor] subfamilies. Previous work has shown that AMPAR and NMDAR accumulation at the synapse continues under action potential blockade (Craig et al., 1994; O'Brien et al., 1997) and under AMPAR and NMDAR blockade Rao et al., 1998; Liao et al., 1999) . However, the possible involvement of metabotropic or kainate subtypes of glutamate receptors in synapse formation has not been addressed.
An additional complexity of synaptogenesis of excitatory synapses is that glutamatergic synapses vary in their complement of receptors. Only a subset have kainate receptors (Lerma et al., 1997) , and although many synapses have both AMPARs and NMDARs, some have only NMDARs (NMDAR-only synapses) (Rao and Craig, 1997; Gomperts et al., 1998; Nusser et al., 1998; Liao et al., 1999; Petralia et al., 1999; Takumi et al., 1999) . Furthermore, in a number of preparations synaptic responses mediated only by NMDARs are more prevalent earlier in development (Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997; Hsia et al., 1998; Rumpel et al., 1998) . Recent anatomical data suggest that these so-called "silent" synapses derive from an initial developmental absence of AMPARs at synapses (Liao et al., 1999; Petralia et al., 1999) , although this has not been observed in all preparations . These data, coupled with the observation that induction of long-term potentiation can reveal AMPAR EPSCs in recordings of NMDAR-only synaptic responses (Isaac et al., 1995; Liao et al., 1995) , suggest that the developmental recruitment of AMPARs to synapses may involve a Hebbian, NMDAR-and activity-dependent process.
To study the formation and maturation of synapses and the role of activity in these processes, we examined single-neuron cultures (Segal and Furshpan, 1990) . This preparation permits sampling of all the synaptic inputs onto (and outputs from) recorded cells while providing access to the quantal parameters of individual synapses. Furthermore, because in single-cell cultures all synaptic events mediated by AMPARs are recorded, this preparation permits examination of NMDAR-only synaptic responses, stripped of the possible contribution of spillover of glutamate from adjacent synapses (Gomperts et al., 1998) . Our results identify both activity-dependent and activity-independent processes that contribute to the formation and maturation of glutamatergic synapses.
MATERIALS AND METHODS
T issue culture preparation. Microdot cultures were prepared from hippocampal neurons of the CA1 and CA3 regions of the hippocampus of postnatal day 0 Sprague Dawley rat pups. The dentate gyrus was grossly dissected away, and cells from the remaining tissue were prepared as described by Tong and Jahr (1994) , except that papain was not used and B27 (Life Technologies, Gaithersburg, MD) was supplemented. Because some proteases can selectively digest surface NMDARs (Allen et al., 1988; Murase et al., 1989) , we avoided enzymatic digestion of hippocampal tissue. The growth medium was exchanged f ully 1 d after plating and weekly in part thereafter. Autaptic recordings were obtained from isolated neurons grown on collagen and poly-D-lysine microdots. The number of isolated cells did not change appreciably between 3-5 and 11-14 d in vitro (div) (n ϭ 3 culture preparations; young, n ϭ 199 isolated cells; old, n ϭ 186). Pharmacological antagonists were added at the time of plating in the following concentrations: D-aminophosphonovalerate (APV), 100 M; 6-nitro-7-sulfamoylbenzo(f)quinoxaline-2,3-dione (N BQX) disodium salt, 50 M; methyl-4-carboxyphenylglycine (MC PG), 1-2 mM; TTX, 1 M; and 4-aminopyridine (4-AP), 50 M. They were replaced at these concentrations when the medium was exchanged the day after plating and were renewed daily at the following concentrations: APV, 100 M; N BQX disodium salt, 5 M; MCPG, 1 mM; TTX, 1 M; and 4-AP, 25 M. C ells were fed at 1 week, with replacement of one-half of the cell medium. APV, N BQX disodium salt, and MC PG were from Tocris Cookson. TTX was purchased from C albiochem (La Jolla, CA).
W hole-cell recording. Recordings were made at room temperature from 2-to 15-d-old isolated autaptic neurons, using an Axopatch-1D amplifier with low-resistance patch pipettes (2-5 M⍀). Pipette solutions contained 122.5 mM K-gluconate, 8 mM NaC l, 10 mM H EPES, 0.2 mM EGTA, 2 mM MgATP, 0.3 mM NaGTP, 20 mM K 2 -creatine phosphate, and 50 U/ml phosphocreatine kinase, adjusted to pH 7.4 with KOH. The extracellular solution was magnesium-free and contained 140 mM NaC l, 3.5 mM KC l, 10 mM H EPES, 20 mM glucose, 0.3 or 3 mM CaCl 2 , and 20 M glycine, adjusted to pH 7.3 with NaOH. TTX (1 M) did not alter the amplitude or frequency of spontaneous events recorded in isolated autaptic cells (n ϭ 3; data not shown) and, therefore, was generally not used for the acquisition of miniature EPSC s.
C ells were held at Ϫ70 mV and were stimulated every 10 -15 sec with a 2.0 -2.5 msec 70 mV depolarizing current pulse. AM PAR-mediated currents were isolated with the addition of 100 -150 M APV; NMDARmediated currents were isolated by the addition of 5-7.5 M N BQX disodium salt. Synaptic currents were completely abolished with the addition of both APV and N BQX disodium salt. Some AM PAR / NMDAR amplitude ratios were derived in 0.3 mM C a, but this did not affect the mean AM PAR / NMDAR ratio, and 0.3 and 3 mM C a data were pooled. Series resistance ranged from 8 to 24 M⍀ and was compensated (80%) in all experiments. The series and input resistances were monitored throughout each experiment with a 3 mV calibration pulse given 40 msec before each stimulation. Junction potentials were corrected and were ϳ10 mV. Evoked EPSC s were acquired and analyzed on-line using custom software (D. Selig). Currents were low-pass filtered at 2 kHz and digitally sampled at 5 kHz.
Anal ysis of EPSCs and measurement of the receptor colocalization inde x .
The AM PAR and NMDAR amplitudes for the evoked responses were taken either from the individual components or from the AM PAR and dual-component EPSC s and were measured from the average of 10 -30 traces. Miniature EPSC s (mEPSC s) were acquired using Axoscope (Axon Instruments) and were analyzed using Mini (J. H. Steinbach) and Quanta (S. Borges). The threshold mEPSC amplitude was set at 5 pA, and events were collected in each pharmacological condition. The AM-PAR quantal amplitude was measured from mEPSC s recorded in APV. The quantal amplitude of the NMDAR component of dual-component mEPSC s was measured by averaging together dual-component mEPSC s recorded without receptor antagonists, subtracting the scaled, averaged AM PAR mEPSC to derive the NMDAR mEPSC, and scaling the NMDAR quantal amplitude by the ratio of the AM PAR quantal amplitudes derived with and without APV. Although scaling was often necessary, because the smallest AM PAR events can get buried in spontaneous NMDAR activity, this is unlikely to be a source of error (Gomperts et al., 1998) . The ratio of the respective EPSC amplitude to the mEPSC amplitude represents the quantal content of the AM PAR response ( A) and the NMDAR response ( N). The fraction of NMDAR-only synapses, estimated as the fraction of NMDAR synapses in excess of AM PAR synapses, can be calculated as a linear quantity, the receptor colocaliza-
, which ranges from all NMDARonly synapses (a value of 1) to all AM PAR-only synapses (a value of Ϫ1). The r.c.i. was calculated for each cell in each condition to derive mean r.c.i. values. However, because of the difficulty in sustaining recordings in young cells, the r.c.i. of young cells was calculated from the mean quantal contents of all cells. This method gave the same r.c.i. value for old cells as that of the within-cell analysis. It is possible that some of the variance in our data set derives from drift in the properties of the cultures over multiple culture preparations. To assess this contribution of variance, we examined the variance across preparations for our experimental measurements with the largest number of samples, evoked AM PAR and NMDAR amplitudes. For all conditions, the ANOVA showed no significant differences in values between preparations (data not shown), and so we conclude that variability across cultures is not a major contributor to our measurements.
Immunoc ytochemistr y. C ells were grown as described for electrophysiological experiments. AM PARs were detected using a rabbit polyclonal antibody to the N terminal of the glutamate receptor 1 (GluR1) subunit (Oncogene). Live cells were incubated in antibody (5 g /ml) for 20 min at 37°C in the conditioned cell media. C ells were then fixed in methanol for 15 min at Ϫ20°C, air dried, and blocked with 10% BSA in TBS. NMDARs were detected using monoclonal antibodies to the intracellular loop between transmembrane regions III and IV of the N R1 subunit (PharMingen, San Diego, CA). The anti-N R1 antibody was applied overnight at 4°C. After several washes, fluorochrome-conjugated [FI TC for GluR1 and indocarbocyanine (C y3) for N R1] donkey anti-mouse or anti-rabbit secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were concurrently applied to cells for 1 hr at room temperature. After several washes, slips were mounted in Vectashield (Vector Laboratories, Burlingame, CA) mounting medium. Identification of clusters of glutamate receptors was accomplished with dual-color microscopy using a Nikon 60ϫ objective (numerical aperture, 1.4) and standard fluoroscein and C y3 filter sets (Omega). Fluorescent images of microscopic fields containing labeled neurons were acquired using a cooled CCD camera (Princeton Instruments, Inc.). Fields of GluR1-stained cells were chosen randomly, and images from both fluorescent channels were successively acquired from a single focal plane. Acquired images were normalized to maximal contrast, overlayed, and analyzed using I PLab Spectrum software (Signal Analytics). For display in figures, monochrome and merged color images were digitally processed using Adobe Photoshop. For quantitative analysis, images were analyzed in a blinded manner such that the investigator had no knowledge of the treatment history of the cells being analyzed. Colocalization was determined by examination of the overlayed receptor-stained images. Out-of-focus and extended nondiscreet regions of staining were not included in the quantitation. For the immunocytochemical experiment, n refers to the number of cells analyzed.
Data anal ysis. Results are presented as means Ϯ SE. Data were compared statistically using the Student's t test, and significance was defined at p Ͻ 0.05.
RESULTS

Natural history of synapse development in autaptic hippocampal cells
At birth, no synaptic responses can be observed, and few synapses are evident anatomically in the hippocampus of Sprague Dawley rats (Steward and Falk, 1991; Durand et al., 1996) . We therefore dissociated and cultured cells from the CA1 and CA3 hippocampal regions of newborn Sprague Dawley rats to examine de novo synaptogenesis. Rat hippocampal cells grown in isolation on glial islands formed functional autaptic connections and continued to elaborate synapses throughout our 2 week period of study. Although the action potential was present at 2 div, no EPSCs were observable at this time ( Fig. 1 B) . EPSCs were first observed in a subset of cells at 3 div. Although it is possible that the absence of evoked responses might originate in a failure of the action potential generated at the cell body to propagate to the terminals (Kimura et al., 1997) , there were virtually no spontaneous events in cells that lacked evoked responses (n ϭ 57 of 58). Addition of a hyperosmolar solution (100 mOsm sucrose) to cells lacking evoked and spontaneous AMPAR-mediated events also failed to generate detectable EPSCs (n ϭ 4) (Basarsky et al., 1994) . Thus, functional synapses appeared to be absent in these young cells.
To determine whether the lack of evoked and miniature EPSCs in these cells was caused by the absence of functional AMPARs, we applied AMPA; in every cell tested (n ϭ 7) AMPA elicited inward currents. However, addition of cyclothiazide, which increases the size and duration of AMPAR EPSCs, did not reveal AMPAR EPSCs in cells that lacked them under normal recording conditions (n ϭ 4). These data indicate that AMPARs are present and functional in the postsynaptic cell membrane but are not sensing released neurotransmitter. The defect in synaptic responsiveness in these young cells could derive from a lack of anatomical synapses, from the absence of the vesicular release of glutamate, or from an absence of receptor clustering at synapses.
From 3 to 15 div, the pharmacologically isolated AMPA receptor-mediated EPSCs increased approximately eightfold ( Fig. 1 A) . The fraction of cells that had evoked synaptic responses increased concomitantly (Fig. 1 B) . In agreement with an increase in the number of functional synapses, the frequency of mEPSCs increased ϳ10-fold over this period, from 0.7 Ϯ 0.3 Hz (n ϭ 7) to 9.2 Ϯ 2.9 Hz (n ϭ 19) (Fig. 1C) .
To assess whether changes in the quantal properties of synapses contribute to the increase in the evoked AMPAR EPSCs, we examined AMPAR quantal size. As shown in Figure 2 , AMPAR quantal size doubled over this period ( young, n ϭ 8; mean ϭ 10.2 Ϯ 0.7 pA; old, n ϭ 18; mean ϭ 21.1 Ϯ 1.3 pA; p Ͻ 0.01). This twofold increase can only account for a small fraction of the overall growth in evoked EPSC amplitude. The quantal content of the AMPAR EPSC, defined as the product of N and p and calculated as the ratio of mean EPSC amplitude to mean quantal amplitude, also increased over development ( p Ͻ 0.01). Because the probability of release, as assessed by measuring paired-pulse facilitation of the AMPAR EPSC (Manabe et al., 1993) , did not increase developmentally ( young, n ϭ 5; old, n ϭ 4; data not shown), a continuous, ongoing proliferation of synapses throughout the time in culture presumably underlies these observations A 2 , In the subpopulation of cells that show evoked responses, the evoked AMPAR EPSC increases developmentally [n ϭ 33 (3-6 div); n ϭ 6 (7-10 div); n ϭ 36 (11-14 div)]. B, The proportion of neurons that have evoked responses increases with time in vitro. Neurons were identified by the presence of action potentials and were tested for AMPAR and NMDAR EPSCs. Data in each age group were pooled by day [n ϭ 4 (2 div); n ϭ 83 (3-6 div); n ϭ 14 (7-10 div); n ϭ 16 (11-14 div)]. C, The frequency of miniature AMPAR EPSCs undergoes a marked developmental increase [n ϭ 4 (2 div); n ϭ 7 (3-6 div); n ϭ 19 (11-14 div)]. ( Benson and Cohen, 1996) . Thus, during development, both an increase in synapse number and an increase in quantal size contribute to the observed increase in the evoked AMPAR EPSC.
It has been suggested that the AMPAR and NMDAR synaptic components of glutamatergic synapses develop on different timescales, with the NMDAR EPSC preceding the AMPAR EPSC developmentally (Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997; Hsia et al., 1998; Rumpel et al., 1998; Liao et al., 1999 ; but see Rao et al., 1998) . We therefore turned our attention to the development of the NMDAR-mediated component of synaptic responses. Even at the earliest time points, the evoked responses in the vast majority of cells had both NMDAR-and AMPARmediated currents (n ϭ 29 of 31 cells). Like the AMPAR EPSC, the NMDAR EPSC increased dramatically from 3-5 to 11-14 div (Fig. 3A) . However, NMDAR quantal size, measured from the dual-component mEPSC, was stable over development ( young, n ϭ 5; mean ϭ 4.8 Ϯ 1.3 pA; old, n ϭ 13; mean ϭ 5.3 Ϯ 0.4 pA; p Ͼ 0.05) (Fig. 3B ). This suggests that synaptogenesis accounts entirely for the increase in NMDAR EPSC amplitude.
To assess whether the addition of NMDARs and AMPARs to synapses occurs in parallel in isolated cells, we first examined the AMPAR/NMDAR amplitude ratio. Despite the selective doubling of AMPAR quantal size from 3-5 to 11-14 div, the evoked AMPAR/NMDAR amplitude ratio actually decreased approximately twofold, from 4.4 Ϯ 0.5 to 2.3 Ϯ 0.2 ( young, n ϭ 36; old, n ϭ 46; p Ͻ 0.01) (Fig. 3C ). To determine whether this increase in the proportion of NMDAR current derived from a change in the fraction of synapses that have only NMDARs (NMDAR-only synapses), we calculated the fraction of NMDAR-only synapses from the difference in quantal contents (mean EPSC size/mean mEPSC size) of AMPAR and NMDAR EPSCs. This technique is based on the idea that the population of NMDAR-only events will contribute selectively to the evoked NMDAR component (Gomperts et al., 1998) . We express this estimate in terms of a receptor colocalization index (r.c.i.), a linear function that ranges from all NMDAR-only synapses (a measured value of 1) to all AMPAR-only synapses (a measured value of Ϫ1; see Materials and Methods). Such a term takes into account not just NMDARonly synapses but also the possibility of a population of AMPARonly synapses (Bekkers and Stevens, 1989) , which would lead to an underestimate of the calculated proportion of NMDAR-only synapses. This analysis demonstrated a significant increase in the proportion of NMDAR-only synaptic events of older cells (old, n ϭ 9; r.c.i. ϭ 0.30 Ϯ 0.07; young, n ϭ 5; r.c.i. ϭ Ϫ0.35 Ϯ 0.21; p Ͻ 0.01) (Fig. 3D) . The r.c.i. of the old group of cells is significantly different from zero ( p Ͻ 0.01), suggesting a significant population of NMDAR-only synapses in these cells. We conclude from this set of experiments that isolated autaptic cells continuously proliferate synapses that have an NMDAR component, that NMDAR-only synapses represent an increasing proportion of synapses over time, and that NMDAR quantal size does not change over our time of observation.
Testing a role for activity in synapse formation
The formation of glycinergic synapses in spinal cultures is activity dependent (Kirsch and Betz, 1998) . We therefore set out to assess a role for activity in the formation of glutamatergic synapses. Because of the literature implicating the NMDAR in the activitydependent production of AMPAR EPSCs (Isaac et al., 1995; Liao et al., 1995; Wu et al., 1996) , we first grew our cultures in the NMDAR antagonist APV (100 M, replenished daily). Neurons grown in APV, however, continued to demonstrate robust AM-PAR and NMDAR EPSCs after the washout of APV (see Fig. 4 ). We therefore considered the possibility that glutamate signaling via other glutamate receptors may coordinate synapse formation. To block all glutamate receptors, we grew cells from their time of plating in ionotropic and metabotropic glutamate receptor antagonists: the NMDAR antagonist APV, the non-NMDAR antagonist NBQX, and the metabotropic glutamate receptor antagonist MCPG, replenished daily. Both AMPAR-and NMDAR- (right) cell demonstrate that the sizable increase in AMPAR quantal amplitude is not accompanied by a change in the NMDAR component of mEPSCs. The isolated AMPAR mEPSC, derived in APV, is shown superimposed and scaled to the peak of the dual-component event. One hundred eleven dual-component events and 27 events derived in APV comprise the average traces of the young cell. Forty-four dual-component and 38 APV events comprise the average traces of the old cell. B 2 , Average NMDAR quantal amplitudes from 5 young and 13 old cells are similar. C, The AMPAR/NMDAR amplitude ratio of evoked EPSCs decreases twofold developmentally. AMPAR and NMDAR components were isolated pharmacologically and collected sequentially as the average of 10 -30 traces each from 37 young and 46 old cells ( p Ͻ 0.01). D, The fraction of NMDAR-only synapses increases over development in isolated cells. Differences in NMDAR and AMPAR quantal contents calculated from a comparison of evoked and spontaneous dual-component events are used to make this calculation. The results are displayed in terms of a linear function, the r.c.i., which ranges from all NMDAR-only synapses to all AMPAR-only synapses. Although the young cell r.c.i. is not significantly different from zero, the old cell r.c.i. is significantly different from zero ( young, n ϭ 5; old, n ϭ 9; young vs old, p Ͻ 0.01; old vs zero, p Ͻ 0.01).
mediated EPSCs were still observed in cells grown in these conditions (see Fig. 4 ).
The influence of activity on synapse formation could alternatively be mediated by the action potential. For example, presynaptic (or postsynaptic) action potentials could drive the release of molecules other than glutamate that coordinate the formation of a synapse. To test whether action potentials are required for synapse formation, we grew neurons in the voltage-dependent Na channel antagonist TTX. As with total glutamate receptor blockade, TTX did not prevent or delay the onset of AMPAR and NMDAR EPSCs, which could be recorded by 3 div (see Fig. 6 ). These results demonstrate that formation of functional glutamatergic synapses can occur without glutamate receptor activation or action potentials.
Testing a role for activity in synapse maturation
Although neither synaptic nor cellular activity seems to be essential for synapse formation, activity could still be critical for the changes in synaptic properties that occur with synapse maturation. We therefore assessed a role for activity in the developmental changes that we observed, specifically the increases in AM-PAR quantal size, in the total number of synapses, and in the proportion of synapses that have only NMDARs. Comparison of 11-14 div cells grown in combined ionotropic and metabotropic glutamate receptor antagonists with control cells of the same age supports a role for synaptic activity in the increase in AMPAR quantal size (Fig. 4 B) . The AMPAR mEPSC amplitude of cells grown under glutamate receptor blockade was 12.7 Ϯ 1.9 pA (n ϭ 8) compared with 21.1 Ϯ 1.3 pA for control cells (n ϭ 18; p Ͻ 0.01). Surprisingly, this reduction in AMPAR quantal amplitude was not associated with a reduction of evoked AMPAR EPSC amplitude (Fig. 4 A) . This discrepancy suggests that glutamate receptor blockade increases the number of synapses that have AMPARs.
The selective effect of glutamate receptor blockade on AM-PAR quantal amplitude but not on evoked EPSC amplitude could originate either from a proliferation of synapses with AMPAR components or from a reduction in the fraction of NMDAR-only synapses. That the evoked and quantal NMDAR EPSC amplitudes were unaffected by incubation in glutamate receptor antagonists (treated, n ϭ 12 evoked; n ϭ 8 mEPSC; control, n ϭ 20 evoked; n ϭ 13 mEPSC) (Fig. 4 A,B) suggests that the total number of synapses with NMDARs did not increase. To test whether combined ionotropic and metabotropic glutamate receptor blockade impacted the fraction of NMDAR-only synapses, we calculated the fraction of silent synapses from the disparity in AMPAR and NMDAR quantal contents. This analysis demonstrated a marked reduction in the proportion of NMDAR-only events of treated cells in comparison with control cells (treated, n ϭ 7; control, n ϭ 9; p Ͻ 0.05) (Fig. 4C) . We therefore conclude that total glutamate receptor blockade prevented the developmental increase in AMPAR quantal size and reduced the proportion of NMDAR-only synapses.
To test whether distinct classes of glutamate receptor underlie the effects of total glutamate receptor blockade on AMPAR quantal size and on the proportion of NMDAR-only synapses, we examined cells grown selectively in APV, NBQX, or MCPG. Cells grown in APV showed significant reductions in AMPAR quantal size compared with control, from 21.1 Ϯ 1.3 to 14.6 Ϯ 1.3 pA (control, n ϭ 18; APV, n ϭ 11; p Ͻ 0.01) (Fig. 4 B) . NMDAR activation therefore seems to be necessary for the developmental increase in AMPAR quantal size. APV did not significantly affect evoked AMPAR EPSC amplitude (n ϭ 12) (Fig. 4 A) , however, suggesting an increase in the AMPAR quantal content. In contrast to its actions on AMPAR quantal amplitude, APV did not affect NMDAR quantal amplitude, as measured from the dualcomponent mEPSC (n ϭ 9) (Fig. 4 B) . APV did, however, significantly increase the evoked NMDAR EPSC (n ϭ 12; p Ͻ 0.05) (Fig. 4 A) , consistent with an increase in the quantal content of the NMDAR response as well. (AMPAR and NMDAR EPSCs, control, n ϭ 18, 20 ; GluR blockade, n ϭ 13, 12; APV, n ϭ 12, 12; NBQX, n ϭ 9, 9; MCPG, n ϭ 9, 12, respectively; NMDAR EPSCs, APV vs control, *p Ͻ 0.05; MCPG vs control, *p Ͻ 0.05). B, AMPAR quantal amplitude is reduced by ionotropic but not metabotropic glutamate receptor antagonists, but NMDAR quantal amplitude is unaffected. Glutamate receptor blockade, APV, and NBQX all significantly reduced AMPAR quantal size without affecting NMDAR quantal size (AMPAR and NMDAR mEPSCs, control, n ϭ 18, 13; GluR blockade, n ϭ 8, 8; APV, n ϭ 11, 9; NBQX, n ϭ 6, 6; MCPG, n ϭ 10, 10, respectively; AMPAR mEPSCs, GluR blockade vs control, *p Ͻ 0.01; APV vs control, *p Ͻ 0.01; NBQX vs control, *p Ͻ 0.05). C, The fraction of NMDAR-only synapses, estimated from samecell comparisons of evoked and spontaneous dual-component events, is reduced by glutamate receptor blockade and MCPG but not by APV or NBQX (control, n ϭ 9; GluR blockade, n ϭ 7; APV, n ϭ 6; NBQX, n ϭ 6; MCPG, n ϭ 9; GluR blockade vs control, *p Ͻ 0.05; MCPG vs control, *p Ͻ 0.01).
The apparent increases in AMPAR and NMDAR quantal contents could derive from an increase in the probability of release or, alternatively, from an increase in the number of functional synapses. APV incubation did not change paired-pulse facilitation of the AMPAR EPSC (APV, paired pulse ϭ 0.8 Ϯ 0.1; n ϭ 4; control, paired pulse ϭ 0.9 Ϯ 0.1; n ϭ 4), however, suggesting that a change in the probability of release did not underlie the increases in quantal contents. APV is therefore likely to increase quantal content of both synaptic components by increasing the total number of synapses that neurons make. We next assessed whether NMDAR activation was responsible for the developmental increase in the proportion of NMDAR-only synapses. The calculated proportion of NMDAR-only synapses of APV-treated cells was not significantly different from control (APV, n ϭ 6) (Fig. 4C) . Together, these data suggest that APV prevents the developmental increase in AMPAR quantal size and increases the total number of synapses, without detectably altering the proportion of NMDAR-only synapses.
Like APV, chronic AMPAR blockade with NBQX reduced AMPAR quantal size (NBQX, n ϭ 6; mean ϭ 13.4 Ϯ 3.3 pA; p Ͻ 0.05). Both AMPAR and NMDAR activation thus appear to contribute to the developmental increase in AMPAR quantal amplitude. In contrast, NBQX incubation did not significantly affect the evoked AMPAR EPSC (n ϭ 9) (Fig. 4 A,B) . This discrepancy suggests that NBQX may increase the number of synapses with AMPARs. NBQX did not significantly affect the evoked NMDAR EPSC (n ϭ 9) or the quantal size of the NMDAR component of dual-component events (n ϭ 6) (Fig.  4 A,B) . The proportion of NMDAR-only synapses of cells grown in NBQX was also not significantly different from control (Fig.  4C) . Therefore, chronic NBQX incubation selectively prevents only the developmental increase in AMPAR quantal size. Neither AMPAR nor NMDAR activation seems to be necessary for the activity-dependent developmental increase in the proportion of NMDAR-only synapses.
Having examined the effects of ionotropic glutamate receptor antagonists, we next turned to the effects of metabotropic glutamate receptor blockade using MCPG. Unlike APV and NBQX, MCPG incubation did not affect AMPAR quantal amplitude (MCPG, n ϭ 10) (Fig. 4 B) . Although MCPG also left evoked AMPAR EPSC amplitude unchanged (n ϭ 9), the evoked NMDAR EPSC amplitude was significantly reduced (n ϭ 12; p Ͻ 0.05) (Fig. 4 A) . Because the NMDAR component of dualcomponent mEPSCs was unaltered by MCPG treatment (n ϭ 10) (Fig. 4 B) , MCPG selectively reduced the quantal content of the NMDAR synaptic component, consistent with a reduction in the proportion of NMDAR-only synapses. Indeed, the calculated proportion of NMDAR-only synapses was significantly reduced from control levels (MCPG, mean ϭ 0.04 Ϯ 0.05; n ϭ 9; control, mean ϭ 0.30 Ϯ 0.07; n ϭ 9; p Ͻ 0.01) (Fig. 4C) .
To obtain independent, nonelectrophysiological evidence of regulation of NMDAR-only synapses by metabotropic glutamate receptors, we examined the immunocytochemical staining of AMPARs (anti-GluR1) and NMDARs (anti-NR1) in 2-week-old autaptic cultures. The NR1 subunit is an essential component of all functional NMDARs, and the GluR1 subunit has been shown to colocalize precisely with the other AMPAR subunits (GluR2/3) that are expressed in hippocampal cultures (Craig et al., 1993) . Figure 5A shows the immunostaining of NR1 and GluR1 in representative isolated neurons. In untreated cells NR1 and GluR1 puncta colocalized extensively, but NR1 positive, GluR1 negative (NR1ϩ/GluR1Ϫ) puncta were prevalent. Interestingly, chronic MCPG incubation significantly altered the pattern of NR1 and GluR1 staining, such that NR1ϩ/GluR1Ϫ puncta were much less frequently observed. As quantified in Figure 5B , MCPG treatment reduced the proportion of NR1ϩ/ GluR1Ϫ puncta by ϳ47% (MCPG, 12.5 Ϯ 2%; control, 23.5 Ϯ 3%; p Ͻ 0.01). In contrast, MCPG incubation had no effect on the proportion of GluR1 puncta not associated with NR1 puncta (GluR1ϩ/NR1Ϫ puncta) (MCPG, 8.2 Ϯ 1%; control, 8.6 Ϯ 1%). These immunocytochemical results complement our physiological data and provide an anatomical correlate for the MCPGinduced reduction in the proportion of NMDAR-only synaptic responses. The effect of ionotropic and metabotropic glutamate receptor blockade on the maturation of synaptic function can therefore be dissected into two distinct pathways. Ionotropic receptor antagonists prevented the normal increase in AMPAR quantal size. Metabotropic glutamate receptor antagonists blocked the development of NMDAR-only synapses.
Because synaptic activity is greatly enhanced by presynaptic action potentials, we asked whether action potential blockade would impact synaptic maturation. The mean AMPAR EPSC (n ϭ 8) and mean AMPAR quantal size (n ϭ 8) of 2-week-old cells grown in TTX were significantly smaller than control ( p Ͻ 0.01), with quantal size similar to that of young neurons and of cells grown under glutamate receptor blockade (Fig. 6 A,B) . The reductions in both evoked and quantal components argue against a change in the AMPAR quantal content. It is interesting to note that the action of TTX was restricted to the AMPAR EPSC, because TTX did not affect the evoked NMDAR (TTX, n ϭ 7) or the quantal NMDAR (TTX, n ϭ 8) EPSC (Fig. 6 A,B) . Furthermore, the proportion of NMDAR-only synapses of cells grown in TTX was identical to control (TTX, n ϭ 5) (Fig. 6C) . These results suggest that action potentials contributed to the activity-dependent increase in AMPAR quantal size but not to the activity-dependent proliferation of NMDAR-only synapses.
To determine whether we could increase quantal size with a more effective action potential, we grew the neurons in the K channel blocker 4-AP at concentrations that markedly broaden the action potential (n ϭ 5; data not shown). However, cells grown in 4-AP developed normal quantal (AMPAR, mean ϭ 16.7 Ϯ 2.3 pA; n ϭ 5; NMDAR, mean ϭ 3.7 Ϯ 1.1 pA; n ϭ 5) and evoked (AMPAR, mean ϭ 3.3 Ϯ 1.1 nA; n ϭ 5; NMDAR, mean ϭ 1.4 Ϯ 0.6 nA; n ϭ 5) AMPAR and NMDAR EPSC amplitudes. Our inability to alter synaptic properties by creating a more strongly depolarizing action potential waveform argues that a feature other than waveform, such as action potential frequency, is likely to underlie the role of action potentials in the increase in AMPAR quantal size during synapse maturation.
DISCUSSION
In this study we used single neurons grown in isolation as a model to study the formation and maturation of excitatory, glutamatergic synapses. This preparation benefits from the capacity to sample all synaptic inputs onto recorded cells over development, both with evoked and quantal synaptic transmission. In addition, it permits examination of NMDAR-only synaptic responses free of the possible contribution of spillover of glutamate to the observation of silent synapses (Gomperts et al., 1998) . However, it should be kept in mind that growing neurons in isolation may alter processes involved in synapse maturation in the intact nervous system. We found that synapses continuously proliferated throughout our investigation. In fact, from the difference in the number of releasing synapses that we observed between young and old cells (and including cells that lacked responses), we estimate the rate of functional synapse formation to be approximately one synapse per hour.
Over this developmental period, AMPAR quantal size approximately doubled, while NMDAR quantal size was unaltered. One simple mechanism for the increase in mean AMPAR quantal size would be a developmental increase in quantal size at individual synapses. The developmental increase in the half-life of surface AMPARs that has been described could subserve this. However, the initial formation of synapses with small quantal size followed by the delayed formation of new synapses with large quantal size remains a plausible alternative. It should be noted that Liu and Tsien (1995) found no changes in AMPAR quantal size between 12 and 32 div in confluent hippocampal cultures. However, that study likely excluded the earliest time points of synapse development (Ͻ12 div).
After establishing the normal time course of synapse formation and maturation, we attempted to identify a role for synaptic and cellular activity specifically in synapse formation. Despite the blockade of all known glutamate receptors and despite action potential blockade, functional synapses formed with no detectable lag. This result clearly distinguishes glutamatergic synapses from spinal glycinergic synapses (Kirsch and Betz, 1998) . It suggests that glutamatergic synapses may form in a manner resembling the neuromuscular junction, perhaps with the activityindependent release of an agrin-like molecule, such as NARP , coordinating the development of presynaptic and postsynaptic structures.
The autapse preparation does not appear to display the temporal profile of AMPAR and NMDAR EPSC development that has been observed in most other systems (Durand et al., 1996; Wu et al., 1996; Isaac et al., 1997; Hsia et al., 1998; Rumpel et al., 1998; Liao et al., 1999 ; but see Rao et al., 1998) . Despite physiological and immunocytochemical evidence of NMDAR-only synapses in this preparation (Gomperts et al., 1998) , we found no evidence of an NMDAR-only EPSC that precedes the development of AMPAR currents. However, because of the continuous synaptogenesis that occurs in this system, it is possible that at all but the earliest time points, cells express synapses of widely varying levels of maturity, making an NMDAR-only evoked EPSC difficult to observe.
A surprising finding was that a larger proportion of synapses are NMDAR-only in older cells. The developmental increase in the proportion of NMDAR-only synapses can be explained in three ways: (1) NMDAR-only synapses derive from synapses that originally had both receptor types, (2) NMDAR-only synapses are more stable than other synapses and are therefore selectively ; TTX, n ϭ 8, 7, respectively; AMPAR EPSCs, TTX vs control, *p Ͻ 0.05). B, Mean AMPAR but not NMDAR quantal amplitude is reduced by TTX (AMPAR and NMDAR mEPSCs, control, n ϭ 18, 13; TTX, n ϭ 8, 8, respectively; AMPAR mEPSCs, TTX vs control, *p Ͻ 0.01). C, The fraction of NMDAR-only synapses estimated from samecell comparisons of evoked and spontaneous dual-component events is not affected by TTX (control, n ϭ 9; TTX, n ϭ 5).
preserved, or (3) NMDAR-only synapse formation is selectively enhanced during development. The present data do not allow us to distinguish among these alternatives. The discrepancy in the developmental profile of NMDAR-only synaptic responses between this system and more intact preparations may be caused by differences in the developmental profile of metabotropic glutamate receptor activation (see below) or by differences in innervation density or trophic factor concentrations between preparations. Although the discrepancy could formally be attributable to a lack of contact with other neurons, the observation of a developmental increase in the proportion of NMDAR-only synapses agrees with immunocytochemical data from low-density confluent cultures ; but see Liao et al., 1999) .
Independent of the temporal profile of AMPAR and NMDAR EPSC development, NMDAR function in this preparation is clearly not required for the development of AMPAR-mediated synaptic transmission because NMDAR blockade did not impair the formation of AMPAR EPSCs. This result is consistent with immunocytochemical data that neurons cultured in APV and NBQX still form synaptic AMPAR puncta Rao et al., 1998; Liao et al., 1999) . Notably, the lack of effect of APV indicates that NMDAR-dependent forms of plasticity are not essential for the formation of AMPAR-containing synapses. This conclusion is consistent with observations in mice lacking the ␣-calcium-calmodulin-dependent kinase II (Silva et al., 1992) , in which AMPAR-mediated synaptic responses appeared normal despite a lack of NMDAR-dependent long-term potentiation.
It is interesting to note that even in the autapse preparation, a system without competition between neurons, activity sculpts synaptic responses. Although activity is not required for synapse formation, it does play an important role in the maturation of synaptic properties. Both ionotropic glutamate receptor blockade and action potential blockade prevented the developmental increase in AMPAR quantal size. One likely explanation of these data is that action potentials drive coordinated synaptic release of transmitter and the consequent postsynaptic depolarization, presumably via Ca influx, is required to increase quantal size. That APV alone prevented this increase suggests that Ca influx via the NMDAR may be particularly important in this maturational event. Another possibility is that the activity-dependent release of a growth factor such as BDNF, as has been shown previously in cortical cultures , could influence synapse maturation.
In contrast to AMPAR quantal size, NMDAR quantal size was insensitive to the pharmacological perturbations of activity. Differences in the association of NMDARs and AMPARs with structural elements at the synapse may underlie the differential capacity of AMPARs and NMDARs to be modified by activity. NMDARs are considerably more resistant to detergent extraction than are AMPARs (Allison et al., 1998) . In addition, the depolymerization of filamentous actin spares NMDAR clusters but reduces the proportion of clustered AMPARs (Allison et al., 1998) . Lastly, AMPARs and NMDARs interact with different PDZ-containing proteins at the synapse (Gomperts, 1996; Hsueh and Sheng, 1998; O'Brien et al., 1998) . Taken together, these results suggest that the AMPAR is loosely coupled to the postsynaptic density whereas the NMDAR may be immobilized in the synaptic cytoskeleton.
Perhaps the most surprising result of this study was that the proportion of NMDAR-only synapses, assessed both physiologically and immunocytochemically, was significantly reduced when metabotropic glutamate receptors were blocked by MCPG yet this proportion was unaffected by TTX. This indicates that action potential-independent activation of metabotropic GluRs (mGluRs), presumably because of the spontaneous release of glutamate, plays a role in creating or maintaining the population of NMDAR-only synapses. This result is not the first indication that the spontaneous release of glutamate subserves an important function because such release also seems to be important for the maintenance of dendritic spines (McKinney et al., 1999 ; but see Kossel et al., 1997) . In agreement with the effects of chronic MCPG exposure reported here, knock-out mice lacking mGluR5 also exhibited a reduction in the NMDAR/AMPAR EPSC amplitude ratio (Lu et al., 1997) . Although our experiments do not explore the mechanism by which mGluRs influence the proportion of NMDAR-only synapses, one possibility is that they play a role analogous to that played by them in an mGluR-dependent form of long-term depression (LTD) in hippocampal slices (Oliet et al., 1997) . This form of LTD is accompanied by a change in the frequency, but not the amplitude, of AMPAR mEPSCs, an observation consistent with the all-or-none downregulation of synaptic AMPAR clusters.
In contrast to previous immunocytochemical studies (Rao and Craig, 1997; Liao et al., 1999) , we found that prolonged application of APV or CNQX failed to cause a detectable increase or decrease, respectively, in the proportion of NMDAR-only synapses. However, our inability to detect an effect of APV may stem from the maturity of the cells that we examined given the developmental increase in NMDAR-only synapses seen here and with immunocytochemistry . One important difference in the Liao et al. (1999) study is that drugs were applied to neurons with preexisting synapses rather than to neurons before synapse formation (see below). Differences between culture preparations or other experimental variables may also explain the discrepancy.
It is interesting that blockade of glutamate receptors prevented the developmental increase in AMPAR quantal size rather than increasing it, as has been reported previously for confluent cortical and hippocampal cultures (O'Brien et al., 1998; Turrigiano et al., 1998) . The present study, however, examined the ability of a synapse to form and mature under a continuous manipulation of activity rather than the capacity of neurons with preexisting synaptic connections to regulate the amount of synaptic activation that they receive in response to an acute perturbation of activity. These results can be reconciled by proposing that neurons attempt to reach and maintain a set point for synaptic activation and upregulate or downregulate AMPAR quantal size to do so. We note that our effects of NBQX and TTX on the development of AMPAR quantal amplitude do resemble those seen in chick dissociated cultures (Kiyosue et al., 1996) .
Our findings that activity does not impact the formation of glutamatergic synapses but does crucially regulate the final state of the synapse may have significant relevance to the activitydependent refinement of neural circuitry that occurs in vivo in a variety of systems (Katz and Shatz, 1996; Nguyen and Lichtman, 1996; Constantine-Paton and Cline, 1998) . In principle, these changes could (but need not) occur in the context of activitydependent competition between synapses. In one such scenario, synapses driven by action potentials would activate their own complement of ionotropic and metabotropic receptors. Although postsynaptic depolarization would drive a homosynaptic potentiation, mGluR activation would produce a diffusible second messenger that would block AMPAR insertion or drive AMPAR
